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High mobility in n-type GaN substrates
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High peak electron mobilities were observed in freestandingc-plane GaN layers. Two well-defined
electrical layers, a low mobility degenerate interface layer, and a high mobility nondegenerate bulk
layer, were present in these samples. The carrier concentrations and mobilities for the layers were
extracted using two methods:~1! magnetic field dependent Hall effect analysis; and~2! a simple two
layer Hall model with the assumption that one of the layers is degenerate. The electron Hall mobility
of the bulk layer is found to peak at nearly 8000 cm2/V s at low temperature using the magnetic field
dependent Hall effect analysis. ©2001 American Institute of Physics.@DOI: 10.1063/1.1348304#
Many applications exist for the III nitrides in high-power
and high-temperature electronics,1 solar-blind ultraviolet
photodetectors,2 and blue and ultraviolet light emitting and
laser diodes.3 However, materials issues still dominate. One
of the remaining issues is the lack of availability of high
quality GaN substrates. GaN substrates with low dislocation
densities and low concentrations of point defects such as
impurities and vacancies can be expected to have much
higher mobilities than those which have been observed in
highly defective thin films or bulk materials which typically
have high impurity concentrations. In this letter, the electri-
cal properties of a type of GaN substrate have been studied.
Different methods will be compared for separating the elec-
trical properties of the different layers in these freestanding
hydride vapor phase epitaxy~HVPE! grown substrates.
Figure 1 plots the carrier concentration and mobility for
one of the bulk GaN samples. Temperature dependent Hall
effect and resistivity measurements were taken in the van der
Pauw configuration. First, data from a single magnetic field
of 0.5 T is shown as ‘‘uncorrected’’ in the plots. A very high
peak mobility of nearly 4000 cm2/V s is seen in Fig. 1~b!.
However, the assumption that the sample is made up of a
single layer, used to make the uncorrected plots, is obviously
seen to be incorrect by the apparent decrease in carrier con-
centration with increasing temperature@Fig. 1~a!#. At low
temperatures~,30 K!, a degenerate layer dominates, as evi-
denced by the flat lines in this set of figures. The electron
mobility of this degenerate layer is about 33 cm2/V s, and the
sheet electron concentration is 8.431015 cm22.
Next, a two-layer Hall model was used since it was
found that these free-standing GaN substrates exhibit electri-
cal properties similar to those of other HVPE grown layers
with a degenerate layer at the interface with the substrate.4
The corrected data for the high mobility bulk layer was ob-
tained using the equations in Ref. 4 and is plotted as ‘‘two-
layer’’ in Fig. 1. This model assumes that the low mobility
degenerate layer retains its properties over the entire tem-
perature range of interest and can therefore be ‘‘subtracted’’
imply by knowing its properties at low enough temperatures
for the bulk-like layer to be frozen out. The resulting cor-
rected data are much more realistic for the bulk portion of
the sample. Figure 1~a! shows a corrected carrier concentra-
tion that increases with temperature, as it should, although
the shape hints at the possibility of multiple levels. Figure
1~b! shows a peak mobility in the data from the two-layer
Hall model of about 5500 cm2/V s, a significantly higher
value than the uncorrected data, which include a combination
of the high and low mobility layers. The highest mobility
reported for a GaN layer previously was about 3000 cm2/V s
at 70 K in a 4-mm-thick film.5 This value is also much higher
than previously reported4 peak mobilities of about 2000
cm2/V s for HVPE grown material.
In order to better determine the parameters of the differ-
ent layers, magnetic field dependent Hall effect measure-
ments were taken. The data taken at 70 K are plotted in Fig.
2~a! along with the fit as in the analysis of Kimet al.6 The
reduced conductivities,X andY, aresxx and 2sxy , respec-
tively, divided by the zero field conductivity. When the re-
duced conductivities are plotted in this manner and only a
single electron mobilitym is present, then at a magnetic field
B51/m, X passes through 0.5 andY peaks with a magnitude
of 1. It is clear from this data that there are multiple conduc-
tion paths in this sample. The solid lines in Fig. 2~a! are from
a two-carrier fit, which yieldedm157800 cm
2/V s, n1sheet
52.931013 cm22, m2538 cm
2/V s, and n2sheet59.5310
15
cm22. The dashed lines are a simulation using the values
obtained from the two-layer Hall model~not with magnetic
field dependent data!. This shows that this model is less sat-
isfactory than the fit to the magnetic field dependent data.
The data at the two ends of the temperature range were
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more difficult to separate by a two-layer analysis. Figure 2~b!
shows the magnetic field dependent data taken at 300 K.
The solid lines are from a two-carrier fit, which yielded
m15870 cm
2/V s, n1sheet52.4310
14 cm22, m2519 cm
2/
V s, and n2sheet53.1310
16 cm22. At this temperature, the
highest mobility electrons have a lower mobility than1/B for
the highest field used in this experiment. Therefore, the peak
in Y is not contained in the acquired data. This makes the fit
for the highest temperature data points more uncertain.
The magnetic field dependent data taken at 45 K is
shown in Fig. 2~c!. The solid lines are from a two-carrier fit,
which yieldedm156900 cm
2/V s, n1sheet52.5310
12 cm22,
m2539 cm
2/V s, and n2sheet57.5310
15 cm22. The high
mobility conductivity is less than 6% of the total conductiv-
ity, resulting in only a small change in the shape of the
curves. Below this temperature, it becomes even more diffi-
cult to obtain reliable values for the high mobility channel
since its conductivity becomes an even smaller fraction of
the total conductivity as the carriers continue to freeze out.
In all cases, the simulated data using the two-layer
model ~dashed lines! deviates significantly from the experi-
mentally obtained magnetic field dependent data~points! in-
dicating that the assumptions going into that model are not
valid for this sample. This is most easily explained by look-
ing at Fig. 1~a!. The carrier concentration of the low mobility
FIG. 1. ~a! Carrier concentration as a function of reciprocal temperature.
Shown are the uncorrected single magnetic field Hall effect data~j!, a
simple two layer model plot derived from the single magnetic field Hall
effect data~L!, and plots derived from a fit to magnetic field dependent
Hall effect data~m!~s!. All concentrations are normalized to the entire
substrate thickness.~b! Electron Hall mobility as a function of the tempera-
ture. The solid line is a fit to the data from the magnetic field dependent Hall
effect analysis.
FIG. 2. Reduced conductivities as a function of magnetic field at~a! 70, ~b!
300, and~c! 45 K. Solid lines are the fit to the magnetic field data with two
carriers. Dashed lines are simulated data using the values obtained from the
two-layer Hall model.
FIG. 3. Carrier concentration corrected for Hall factor (n5nH3r H) and fit
~solid line! as a function of reciprocal temperature.
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‘‘degenerate’’ layer increases significantly with temperature,
while the two-layer Hall model assumes that this remains
constant.
The resulting data points from the fits to the magnetic
field dependent Hall effect data are plotted in Fig. 1 as
‘‘high-mobility-field fit’’ and ‘‘low mobility-field fit’’ for the
bulk like and thin degenerate layers, respectively. Both were
normalized to the entire sample thickness for easy compari-
son with the other plots.
The high mobility data were then fitted as a function of
temperature. First, the mobility data were fitted only forNA ,
with the rest of the parameters, which were taken from the
literature, being held fixed. The solid line in Fig. 1~b! is the
simulated data using the resulting value ofNA . The rela-
tively poor fit may be due to errors in the GaN parameters
taken from the literature since most are not yet very well
known. The values used and other assumptions for the fit are
given in Ref. 4. The fit resulted in an acceptor concentration
of 2.631015 cm23.
The acceptor concentration obtained from the mobility
fit was then used as a fixed parameter in the fit of the carrier
concentration.4 The Hall concentration (nH51/qRH) ob-
tained from the magnetic field dependent measurement is
replotted in Fig. 3 along with the concentration corrected
using the computed Hall factor (n5nH3r H). The fit to the
corrected data is shown as a solid line. The parameters from
the fit are shown in Table I. The deeper level parameters
could have large errors because of the uncertainties in ob-
taining the high temperature data points as mentioned earlier
and because of the small number of points at higher tempera-
tures. More work is needed to verify the existence of this
deeper donor.
A second sample was also studied and was found to be
qualitatively similar, giving only slightly different numerical
results as shown in Table I. The donor energy of 27 meV is
the least screened donor energy ever reported for GaN by
Hall effect measurements. Previously reported values7 in-
clude 17 and 19 meV for Si and Ge doping respectively at a
donor concentration of 3 1017 cm23, and 16 meV4 for a
donor concentration of 231017 cm23. The higher energy re-
sults from the lower carrier concentrations because the donor
energy,ED5ED02aND
1/3 whereED0 is the unscreened do-
nor energy,ND is the donor concentration, anda is the
screening factor ~which has been given as 2.1
31025 meV/cm).8 ED0 has been given as 29 meV for Si
donors.9 Therefore, ED would be 24–25 meV for these
samples, which is slightly lower than the 27 meV obtained
from the fit. We do not believe that this shallow level is the
deeper level which has been attributed to oxygen doping
(ED529 meV forND510
18 cm23).7
In summary, both samples had two layers, one with a
low carrier concentration and high mobility and a second
degenerate layer with low mobility. Different techniques
were used to separate the two layers. The best data resulted
from the magnetic field dependent Hall effect analysis al-
though this was also the most time consuming technique.
Record high mobilities of nearly 8000 cm2/V s for bulk GaN
were observed at low temperatures. The high mobility is be-
lieved to be due to the reduced scattering from ionized ac-
ceptors. The lower acceptor concentration in these samples
could be the result of reduced impurities, dislocations, and
native defects such as gallium vacancies. In addition to shal-
low donors with an ionization energy of 27 meV, a second
deeper donor may also be present. This requires further in-
vestigation, however.
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7W. Götz, R. S. Kern, C. H. Chen, H. Liu, D. A. Steigerwald, and R. M.
Fletcher, Mater. Sci. Eng., B59, 211 ~1999!.
8B. K. Meyer, D. Volm, A. Graber, H. C. Alt, T. Detchprohm, A. Amano,
and I. Akasaki, Solid State Commun.95, 597 ~1995!.
9Y. J. Wang, R. Kaplan, H. K. Ng, K. Doverspike, D. K. Gaskill, T. Ikedo,
H. Amano, and I. Akasaki, J. Appl. Phys.79, 8007~1996!.
TABLE I. Ionization energies, donor concentrations, acceptor concentrations, degenerate layer sheet concen-
tration, and mobility.
Sample
Ea1
~meV!
ND1
~cm23!
Ea2
~meV!
ND2
~cm23!
NA
~cm23!
Nsheet
~cm22!
~10 K!
m
~cm2/V s!
~10 K!
S703 27.1 8.231015 189 1.631017 2.631015 8.431015 33
S729 26.9 1.3 1016 170 1.3 1017 2.431015 2.231016 44
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